Multiple myeloma (MM) is a neoplasm characterized by proliferation of clonal plasma cells (PCs) and a combination of clinical manifestations. Flow cytometry is an important method for diagnosing and monitoring of MM. Cytogenetic profiling of neoplastic PCs provides important prognostic information. Although stem cell transplantation (SCT) has significantly improved the overall survival of patients with MM, most SCT recipients relapse. We have studied the immunophenotypic and cytogenetic dissimilarities in the neoplastic PCs before SCTand after relapse in patients with initial complete remission, and investigated a possible influence of such dissimilarities on the patients' survival. We retrospectively reviewed results of flow cytometric studies of bone marrow specimens from 46 patients with MM who underwent SCT, demonstrated a complete initial response, but subsequently relapsed. In nine of these patients, fluorescence in situ hybridization (FISH) studies were performed both pre-SCTand post-relapse. We have shown a significant flow cytometric and cytogenetic diversity of the neoplastic PCs in relapsed MM post-SCT. Such changes were detected in a considerable number of cases (47.8% and 44.4%, respectively). The most frequent cytogenetic changes indicate an emergence of possibly a more aggressive PC clone, known to be associated with worse prognosis and poorer outcome. Our study has demonstrated that the acquisition of immunophenotypic changes predicts worse overall survival.
Introduction
Multiple myeloma (MM) is a malignant disease characterized by a proliferation of clonal plasma cells (PCs) and a combination of clinical manifestations, including the presence of monoclonal protein in serum and urine, anemia, hypercalcemia, abnormal renal function, and lytic bone lesions [1] . Flow cytometry remains an important method for diagnosing and monitoring of MM [2, 3] . The phenotypic profile of neoplastic plasma cells is variable; however, a commonly applied flow cytometric identification panel of markers includes CD45, CD138, CD38, CD56, and cytoplasmic immunoglobulin light chains [4] . In contrast to normal PCs (positive for CD19, CD45, bright CD38, and CD138 and negative for CD56), the neoplastic PCs are CD45 dim to negative, CD38 brightly positive, CD138 positive, CD19 negative, and frequently CD56 positive [5] [6] [7] [8] . An additional panel of phenotypic markers that has certain prognostic and therapeutic significance is commonly performed. Among those are CD28, CD52, CD54, and CD117 [6, 9] .
Cytogenetic profiling of the neoplastic PCs implicates important prognostic information [10] [11] [12] . Hyperdiploidy is associated with a more indolent form of the disease and demonstrates a tendency towards a more favorable outcome [13] . Equally important is the translocation status of the IGH gene, which can have numerous translocation partners with varying prognostic significance [11] . Cytogenetic studies are also helpful in determining disease progression. Although the specific steps of MM progression remain to be elucidated, certain genetic abnormalities have been shown to reflect the clonal evolution and disease progression. Deletion of 17p13 is considered to be an important factor for prognostication, because a loss of the tumor suppressor gene p53 has a negative effect on survival [14] [15] [16] . In addition, chromosome 1 abnormalities are also associated with shorter survival and are characterized by 1p deletion or 1q amplification [17] [18] [19] .
The use of novel chemotherapeutic agents in combination with stem cell transplantation (SCT) has significantly increased the overall survival of patients with MM [20, 21] . However, the disease remains incurable and demonstrates a significant shortening of life expectancy. Unfortunately, most of SCT recipients, including those who demonstrate initial complete remission, relapse. A high rate of relapse has been attributed to clonal heterogeneity of the neoplasm as well as clonal evolution resulting in the persistence of a neoplastic clone. Current treatment considerations are restricted to a subset of patients with symptomatic relapse, advanced disease at diagnosis, or significant paraproteinemic increase [22] . Although neoplastic PCs frequently acquire additional mutations through the course of the disease, the changes in immunophenotypic and cytogenetic profiles in the context of relapsed MM in transplanted patients have not been reported, and the clinical significance of flow cytometric and fluorescence in situ hybridization (FISH) studies in such cases is lacking. Herein we attempt to evaluate immunophenotypic and cytogenetic dissimilarities in the neoplastic PCs before SCTand after relapse in patients who initially achieved a complete remission as well as investigate a possible influence of such dissimilarities on the patients' survival.
Materials and methods
This study was approved by the Institutional Review Board at the University of Utah. We retrospectively reviewed results of flow cytometric and FISH studies of bone marrow specimens from consecutive 497 patients with an established diagnosis of MM who underwent bone marrow SCT between 2008 and 2015 at the University of Utah Hospital, Huntsman Cancer Institute. Of those, 46 individuals demonstrated a complete initial response, and subsequently met the clinical criteria for disease recurrence, and were included in this study. We performed a comparative analysis of flow cytometric and cytogenetic (FISH) profiles of pre-SCT and post-relapse bone marrow samples and evaluated the rates of overall survival.
Flow cytometric analysis
The bone marrow specimens of the study cohort were analyzed by five-color flow cytometry as a part of routine clinical assessment using a FC500 flow cytometer (Beckman Coulter, Miami, FL) by CXP software (Beckman Coulter). A panel of the following antibodies was used for flow cytometric evaluation of PCs: CD20, CD38, CD45, CD117, CD138 (Beckman Coulter, Immunotech), CD19 (Coulter Cyto-Stat), CD52, and CD54 (BioLegend, San Diego, CA), as well as immunoglobulin kappa and lambda light chains (Becton Dickinson, San Diego, CA). A combination of gating strategies was applied to every case to evaluate expression of the markers listed. The PC population was initially identified using CD45 versus light scatter plots in conjunction with cytoplasmic kappa and lambda immunoglobulin light chains. The neoplastic nature of the PC was detected by identifying of a population with bright expression of CD38, positive for CD138, immunoglobulin light chain restricted and frequent, but not ubiquitous aberrant expression of CD56. Neoplastic PCs were also studied for CD19, CD52, CD54, and CD117 expression. Expression of a marker was considered positive if it was present in > 20% of the neoplastic population. Upregulation of the antigen was defined as expression of an antigen not expressed in the initial sample or twofold or greater increase of neoplastic PCs expressing a particular antigen. Similarly, downregulation of the antigen was defined as loss of expression or twofold or greater decrease in PCs expressing of a particular antigen.
FISH analysis
The initial processing of the bone marrow specimen involved PC sorting using a column-free automated method, RoboSep (StemCell Technologies, Vancouver, BC, Canada), that enriched for CD138-positive cells. Following enrichment, the cellularity of the suspension was evaluated by phasecontrast microscopy. The FISH panel included the following probes: CKS1B, TP53 (CytoCell Ltd., Cambridge, UK), ASS1, CCND1/IGH XT, IGH break-apart, and PML (Abbott Molecular, Abbott Park, IL). When an IGH rearrangement and/or deletion were/was detected, additional FISH analysis with FGFR3/IGH and IGH/MAF probe sets (Abbott Molecular) was also performed. Two hundred interphase cells were evaluated for each probe set.
Statistical analysis
We created survival curves using the product limit method of Kaplan and Meier and compared them using logrank test and the Gehan-Wilcoxon test. The statistical analysis was performed using GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego, California). P values of less than 0.05 were considered to indicate statistical significance.
Results
Flow cytometric data for CD19, CD20, CD38, CD45, CD56, and CD138 were available for all 46 patients prior to SCT and after relapse. Only 19 patients were evaluated for CD52, CD54, and CD117 in both pre-SCT and post-relapse specimens. Of 46 patients, 22 (47.8%) demonstrated immunophenotypic dissimilarities of the neoplastic PCs in the relapsed disease compared to pre-SCT including six (13.0%) with a variable expression of at least two markers. Whereas CD45 and CD38 showed minimal variability, other markers indicated heterogeneity of their expression pattern ( Fig. 1) with CD56 showing the most variability. Variation of CD56 expression was detected in 11 (23.9%) cases, including six (13.0%) cases with increased and five (10.9%) with decreased expression. Four of 19 cases (21.1%) demonstrated dissimilarities of CD117 expression with upregulation or downregulation in two (10.5%) patients each. CD20 and CD19 also demonstrated expression variations in five (10.9%) and four (8.7%) cases, respectively, with almost equal number of upregulated and downregulated events. CD52 and CD54 showed upregulation in one (5.2%) case each.
Pre-SCT and post-relapse FISH on CD138 sorted cells was available for nine patients. Of those, differences in the cytogenetic profile were detected in four (44.4%) cases. Two patients were found to have two co-existing cytogenetically distinct neoplastic subclones, one being similar to the pre-SCT, and the other with FISH differences. Two other patients accumulated additional cytogenetic aberrations with persistence of those seen in pre-SCT specimens. The most common patterns of post-relapse FISH dissimilarity were loss of previously detected hyperdiploidy, seen in three (33.3%) cases, and gain of 1q21 in three (33.3%) cases.
Comparing cases with immunophenotypic dissimilarities to those with cytogenetic differences, no distinct patterns of association were identified. Although, the majority of cases with FISH variabilities (3 of 4) also had immunophenotypic dissimilarities, different immunomarkers and different expression patterns were involved, in particular CD54, CD56, and CD117. Among five cases with an unchanged FISH profile, two showed immunophenotypic dissimilarities, including increased CD56 and decreased CD19 expression.
Multivariate modeling was performed using the parameters age, gender, flow cytometry markers, immunofixation, and serum protein electrophoresis: total protein, IgM, IgG, IgA, gamma, B2-microglobulin, alpha 2, alpha 1, albumin, serum free light chain, FISH MM panel, and cytogenetic results. In multivariate modeling with forward selection, the presence of differences in immunophenotypic profile was the only significant prognostic factor for overall survival (hazard ratio 0.13, 95% CI ratio 0.043-0.379, P < 0.0003) (Fig. 2) . Due to a low number of observations, we were not able to demonstrate a statistically 
Discussion
Our study illustrates immunophenotypic and cytogenetic alterations in a considerable number of the relapsed MM cases (47.8% and 44.4%, respectively) compared to pre-SCT samples. The antigen expression frequency in pre-SCT MM in our study was overall similar to that reported in the literature [23] and showed the following pattern, in descending order: CD54 > CD56 > CD117 > CD52 > CD20 > CD19. The relapsed MM cases showed antigen frequencies without significant overall variation from the pre-SCT: CD54 > CD52 > CD117 > CD56 > CD20 > CD19 (Table 1) . We found a slightly higher expression frequency of CD52 in both pre-SCT and postrelapsed cases than in some previous studies [23] [24] [25] [26] , which may reflect bias introduced by the selection of patients with relapsed and, therefore, more aggressive disease. Relapsed disease demonstrated changes in expression of the majority of antigens evaluated and involved CD56 > CD117 > CD20 > CD19 > CD54/CD52 > CD138, in descending order.
Immunophenotypic variability of neoplastic PCs is a welldocumented event. Several reports pointed out to the existence of different subsets of myeloma PCs with unique patterns of chemoresistance [27] . Genetic heterogeneity has not only been recently demonstrated in newly diagnosed MM patients, but also at relapse, where the subclonal diversity of myeloma PCs often differs to that observed at diagnosis. Gupta and colleagues reported immunophenotypic changes following chemotherapy in as many as 78% cases [28] . Data on the subclonal phenotype distribution of myeloma PCs after response to first-line therapy is sparse to absent. However, to the best of our knowledge, this is the first study to report immunophenotypic and cytogenetic evolution patterns of the neoplastic PCs in multiple myeloma relapsed after SCT. We have shown a lower relative number of immunophenotypic changes (47.8%), most likely related to the differences in patient selection criteria or due to different modality of treatment with the major clone being extinguished by SCT in our patient population. Nonetheless, these findings in both studies support the concept of intraclonal heterogeneity of malignant cells and are consistent with a current and increasingly acknowledged hypothesis of MM being a composite disease [29] , and that minor subclones of neoplastic PCs can provide a reservoir for relapse after the major clone is extinguished by chemotherapy [30] and SCT.
We have observed that relapsed MM often demonstrated acquisition of cytogenetic changes associated with an adverse prognosis (e.g., loss of hyperdiploidy and gain of 1q21). More importantly, high frequency of antigenic variation in the relapsed cases was associated with statistically significant worse Fig. 2 Rates of overall survival of patients with differences and those with no change in immunophenotypic profiles outcome. This observation suggests a potential role in stratification of these patients to more aggressive therapy; however, further investigation in a larger cohort is required to establish clinical significance.
In conclusion, post-SCT relapsed MM demonstrates significant flow cytometric and cytogenetic diversity of the neoplastic PCs. The most frequent cytogenetic changes indicate an emergence of possibly a more aggressive PC clone, known to be associated with worse prognosis and poorer outcome. Our study showed that the acquisition of immunophenotypic changes has a negative effect on the overall survival. The clinical relevance of particular antigen expression patterns and the role of flow cytometric and repeated FISH testing in relapsed MM need to be elucidated in larger studies.
Compliance with ethical standards
This study was approved by the Institutional Review Board at the University of Utah.
